The present study aimed to identify microRNAs (miRNAs) that are involved in neuropathic pain and predict their corresponding roles in the pathogenesis and development process of neuropathic pain. The rat model of neuropathic pain caused by spared nerve injury (SNI) was established in Sprague-Dawley male rats, followed by small RNA sequencing of the L3-L6 dorsal root ganglion. Real-time PCR was performed to validate the differently expressed miRNAs. Functional verification was performed by intrathecally injecting the animals with miRNA agomir. A total of 72 differentially expressed miRNAs were identified in the SNI rats, including 33 upregulated and 39 downregulated miRNAs. The results of qPCR further verified the expression levels of rno-miR-6215 (P=0.015), rno-miR-1224 (P=0.030), rno-miR-1249 (P=0.038), and rno-miR-488-3p (P=0.048), which were all significantly downregulated in the SNI rats compared to the control ones. The majority of differentially expressed miRNAs were associated with phosphorylation, intracellular signal transduction, and cell death. Target prediction, Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses suggested that these differentially expressed miRNAs targeted genes that are related to axon guidance, focal adhesion, and Ras and Wnt signaling pathways. Moreover, miR-1224 agomir significantly alleviated SNI-induced neuropathic pain. The current findings provide new insights into the role of miRNAs in the pathogenesis of neuropathic pain.
Introduction
Neuropathic pain is caused by injury to the peripheral or central nervous system, and is typically chronic (1) . Chronic pain stimulation induces epigenetic abnormalities in transcription, translation, and post-translational modifications in related cells depending on the degree of injury or the type of disease (2) . Some studies have indicated that receptors, multiple neurotransmitter systems, ionic channels, and various cell types in the peripheral and/or central nervous system contribute to the pathogenesis of neuropathic pain (3) . A meta-analysis found that approximately four to ten front-line neuropathic pain drugs are needed to achieve 50% pain relief in most positive trials (4) . New therapeutic targets and more effective treatments for neuropathic pain are urgently needed (5) . Therefore, there is a need to study the pathogenesis and mechanisms underlying the treatment of neuropathic pain, as well as to identify potential therapeutic targets or develop treatment strategies.
Recently, important progress in research on the molecular mechanisms underlying neuropathic pain has been made. Studies have shown that microRNAs (miR-NAs) play important roles in regulating pain transmission in animal experiments and clinical studies. For example, miR-23b can regulate MOR1 expression, and the opioid resistance of patients could be associated with the upregulation of miR-23b expression (6) . MiR-146a expression was reported to be upregulated in the spinal cord after spinal nerve ligation, and replenishing intrathecal mimic of miR-146a further reduced allodynia. Wang et al. showed that miR-146a-5p can relieve neuropathic pain by inhibiting the IRAK1/TRAF6 signaling pathway (7) . Willemen et al. (8) showed that miR-124 can reverse M1/M2 balance by exerting anti-inflammatory effects on the M2 phenotype while reducing mechanical hyperalgesia and pain behavior. The above findings suggest that miRNAs play important roles in neuropathic pain.
In the current study, we generated a rat model of spared nerve injury (SNI). The miRNA expression profiles of SNI rats were analyzed by small RNA sequencing, and important miRNAs involved in SNI rats were screened. Differentially expressed miRNA target genes were predicted based on bioinformatics analyses. Further, real-time PCR (qPCR) was performed to verify the differentially expressed miRNAs. The present study identified novel targets and could serve as the basis for the development of therapeutic strategies for subsequent neuropathic pain treatment.
Material and Methods

Animals
Sprague-Dawley (SD) male rats weighing 220-280 g were acquired from Shanghai Sippe-Bk Lab Animal Co., Ltd. (China). Animals were randomly assigned to the treatment or sham-operated group, with three rats in each group. The rats were maintained in a specific pathogen-free environment with 12-h light-dark cycles. Rats were fed rodent feed and water. These experiments were approved by Changzheng Hospital, Naval Medical University (China).
Spared nerve injury model
The SD rats were allowed to adapt to the conditions for a week, following which the SNI model was generated as previously described in the literature (9) . Briefly, the rats were anesthetized with 10% chloral hydrate (0.3 mL/100 g, Sigma-Aldrich Quimica, Spain), and were bundled in the prone position. The skin of the right hind limbs of each rat was cut, and the muscles were separated; the trunk of the sciatic nerve and its distal branch were fully exposed. The tibial nerve and the common peroneal nerve were ligated and clipped. The sural nerve was preserved and then sutured by layer. In the sham-operated group, the skin of the right hind limb was cut, the muscles were separated, and the skin was sutured immediately after exposing the sciatic nerve. After one week, all rats were euthanatized by intraperitoneally injecting with pentobarbital sodium (100 mg/kg). L3-L6 dorsal root ganglia was rapidly dissected (o10 min) in RNAse-free environment, and samples were immediately plunged into liquid nitrogen and then stored at -80°C until use.
Small RNA sequencing and data analysis
Total RNA was extracted by TRIzol (Invitrogen, USA) from the L3-L6 dorsal root ganglion. The quality and quantity of RNA was measured by Nano Drop spectrophotometer (Thermo Scientific, USA) at the wavelength of 230, 260, and 280 nm. Small RNA library was constructed using mRNA-seq Library Prep Kit for Illumina (Vazyme Biotech, China) and subjected to deep sequencing using the Illumina HiSeq TM 2500 platform. The quality of the sequencing data was evaluated using the Fast-QC tool (ohttp://www.bioinformatics.babraham.ac.uk/projects/ fastqc/4), which provided the mass value distributions of the bases, the positional distributions of the mass values, and the GC content. The differentially expressed miRNAs between SNI rats and sham-operated rats were screened using EBSeq using the criteria Log2 fold change (FC) 41 or Log2FC o-1 and false discovery rate (FDR) o0.05. The target genes of differentially expressed miRNAs in the SNI rats were predicted using miRanda (ohttp://www. microrna.org/microrna/home.do4) (Score X150 and Energy o-20) and RNAhybrid (Energy o-25, ohttps:// bibiserv.cebitec.uni-bielefeld.de/rnahybrid4). The target genes common between the lists output by these two tools were selected as the final target genes. Next, a target gene network map was generated using Cytoscape software (version 3.6.1, ohttps://cytoscape.org4). Functional annotation of these target genes was performed by Gene Ontology (GO) analysis with the threshold of FDR o0.05. In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed using Fisher's exact test, and the overrepresented terms were screened at the cut-off value of FDR o0.05.
Real-time PCR
Total RNA was isolated with TRIzol reagent (Invitrogen, USA). RNA quality and quantity were determined using a microspectrophotometer, and RNA integrity was evaluated by gel electrophoresis. The RNA was reversetranscribed using a reaction mixture in accordance with the manufacturer's instructions (#K1622, Thermo, China). Five differentially expressed miRNAs screened by small RNA sequencing were validated by qPCR using SYBR green-based qPCR with ABI Q6 (Applied Biosystems Inc., USA), according to the manufacturer's instructions. RNA used for qPCR was also used for small RNA sequencing. U6 was used as the internal reference and the sequences of the primers are shown in Table 1 . Relative expression levels were calculated using the 2 -DDCt method (10) .
Intrathecal injection
A PE-10 polyethylene catheter (length, 15 cm) was intrathecally implanted into rats, and their hind limbs were paralyzed. Intrathecal drug administration was performed using a microinjection syringe attached to the intrathecal catheter. Five rats were included in each group. SNI rats were injected with miR-1224 agomir or agomir control (Ribobio, China). Agomir (20 mL, 5 nmol) was intrathecally injected each time and was administered on the day of operation and on days 4, 8, and 12 post-operation.
Pain threshold determination
Allodynia was assessed by paw withdrawal threshold (PWT) using calibrated von Frey filaments (Stoelting, USA). In brief, a series of Von Frey filaments (force 2-26 g) were used to elicit the PWT. The plantar surface of the ipsilateral hind claw was stimulated for 6 s and it was positive if the rats showed foot contraction or foot licking, and the PWT was calculated as previous reported (11) .
Hyperalgesia was measured based on paw withdrawal latency (PWL) response to thermal stimulus using a thermal sensitive stimulator (Jixing Instrument Co., Ltd., China). The stimulator was set to 53°C. The rats were put into the observation box and timed with a stopwatch. PWL was recorded from the contact of hind paw with the hot plate to the end of licking the hind paw. Pain threshold was assessed 1 day before surgery and on days 1, 3, 5, 7, 14, and 21 post-operation. L3-L6 dorsal root ganglion was isolated at the end of behavioral testing, and rapidly frozen under À 80°C.
Statistical analysis
Data are reported as means±SE. SPSS software (Visual 22.0, IBM, USA) was used for statistical analysis. After verification of the normal distribution of data, the differences between the two groups were analyzed by Student's t-test. One-way ANOVA followed by Tukey's post hoc tests were performed to determine statistical differences in the pain threshold determination. Po0.05 was considered statistically significant.
Results
Differentially expressed miRNAs between SNI rats and sham-operated rats
MiRNA sequencing results showed that the expression levels of 735 out of 765 miRNAs were modulated in SNI rats relative to those of sham-operated rats. Using the threshold values log2FC 41 or log2FC o-1, and FDR o0.05, we identified a total of 72 differentially expressed miRNAs comprising 33 upregulated and 39 downregulated miRNAs ( Figure 1A) . Hierarchical clustering analysis revealed differentially expressed miRNAs in the SNI and sham-operated groups ( Figure 1B) .
Target gene analysis of differentially expressed miRNAs
The target genes of 72 differentially expressed miRNAs in the SNI rats were predicted using the tools miRanda and RNAhybrid. A total of 17,316 target genes were obtained (Figure 2A ). Moreover, target gene analysis showed that rno-miR-298-5p, rno-miR-1224, and rno-miR-488-3p all targeted Wnt9a ( Figure 2B ). Wnt9a is a key gene in the Wnt pathway, which is known to be involved in neuropathic pain (12, 13) . miR-6215 targets Fosb, which promotes microglial activation and the production of proinflammatory cytokines, and thus controls neuropathic pain (14, 15) . In addition, we analyzed the target genes of miR-1249, which has been demonstrated to promote glioma cell proliferation by inhibiting Wnt/b-catenin signaling (16) . The analysis identified a total of 207 potential target genes of the above-mentioned five miRNAs. These target genes have a wide range of functions, including cell proliferation, synaptic transmission, and phosphorylation.
Functional annotation of target genes of differentially expressed miRNAs
Functional annotation of target genes predicted by miRNAs revealed that they were significantly enriched in 56 GO-BP terms (Po0.05), including phosphorylation, transport, intracellular signal transduction, and cell migration (Figure 3 ). KEGG pathway enrichment analysis indicated that the target genes of the differentially expressed miRNAs were significantly enriched in terms of axon guidance, focal adhesion, and Ras and Wnt signaling pathways (Figure 4 ). 
qPCR validation of the candidate miRNAs To validate the differentially expressed miRNAs, the best-suited candidate microRNAs (rno-miR-298-5p, rno-miR-1224, rno-miR-6215, rno-miR-1249, and rno-miR-488-3p) were analyzed by qPCR in three SNI and three sham-operated rats. The results of qPCR validation showed that rno-miR-298-5p expression was downregulated in SNI rats, although the results were not significantly different (P=0.684). Contrastingly, expression levels of rno-miR-6215 (P=0.015), rno-miR-1224 (P=0.030), rno-miR-1249 (P=0.038), and rno-miR-488-3p (P=0.048) were significantly downregulated in SNI rats compared to the control rats ( Figure 5 ).
Effect of differentially expressed miRNA on neuropathic pain
To verify the roles of differentially expressed miRNAs in neuropathic pain, we conducted further analysis of the most downregulated miRNA, miR-1224. After the rats were intrathecally injected with miR-1224 agomir, miR-1224 was successfully overexpressed in SNI rats compared to those injected with the agomir control ( Figure 6A ). Moreover, miR-1224 agomir significantly alleviated SNI-induced neuropathic pain ( Figure 6B and C).
Discussion
Many patients suffer from neuropathic pain, and its pathogenesis, pathological diagnosis, and treatment remain difficult (17) . Accumulating evidence shows that miRNAs play crucial roles in neuropathic pain. miRNAs have been reported to influence and regulate neuropathic pain (6) (7) (8) . In the present study, we identified 72 differentially expressed miRNAs (33 upregulated miRNAs and 39 downregulated miRNAs) in SNI rats compared with sham rats. The results of qPCR validation showed that the expression levels of rno-miR-298-5p, rno-miR-6215, rno-miR-1224, rno-miR-1249, and rno-miR-488-3p were downregulated in SNI rats relative to sham rats. The above findings were consistent with the sequencing results. GO enrichment analysis suggested that the differentially expressed miRNAs could regulate genes involved in various processes, including phosphorylation, transport, intracellular signal transduction, and cell adhesion. KEGG pathway enrichment analysis indicated that the target genes of the differentially expressed miRNAs were significantly enriched in axon guidance, focal adhesion, and Ras and Wnt signaling pathways. The current findings could shed light on the mechanisms underlying the pathogenesis of neuropathic pain and help develop suitable treatment strategies.
A previous study showed that miRNA expression levels are altered in the blood of multiple rodent models of pain, including the SNI model of neuropathic pain (18). Zhou et al. (19) identified 12 miRNAs that were differently expressed in the L4-L5 spinal cord segments of SNIinduced rats 14 days after operation. In this study, we identified 72 differentially expressed miRNAs, including 33 upregulated and 39 downregulated miRNAs, in the L3-L6 dorsal root ganglia of SNI-induced rats 7 days after operation. Target gene prediction of the differently expressed miRNAs showed that rno-miR-298-5p, rno-miR-1224, and rno-miR-488-3p all targeted Wnt9a, a key gene in the Wnt signaling pathway (20) (21) (22) . An increasing number of studies revealed that the Wnt signaling pathway, including the canonical Wnt/b-catenin signaling and non-canonical Wnt/Ryk signaling, contributes to neuropathic pain (13, 23) . During the nerve injury process, Wnt binds to its receptor and inhibits b-catenin phosphorylation by GSK-3, and the elevated levels of b-catenin associate with TCF4 to promote the induction of the Wnt target genes, which are responsible for neuropathic pain (24) . Moreover, a number of drugs have been demonstrated to alleviate neuropathic pain via the Wnt pathway. For instance, cannabinoids could act as effective neuroprotective agents for neuropathic pain by inhibiting the Wnt/b-catenin signaling pathway (12) . Additionally, a previous study revealed that miR-1249 promotes glioma cell proliferation by inhibiting Wnt/b-catenin signaling (16) . The above-mentioned findings indicated that rno-miR-298-5p, rno-miR-1224, rno-miR-488-3p, and miR-1249 could act as mitigation targets for neuropathic pain by targeting and inhibiting the Wnt signaling pathway.
Moreover, our current results showed that downregulated miR-6215 can target FosB, which is also known as the G0/G1 switch regulatory protein 3. Previous studies showed FosB-/-mice inhibited microglial activation and the production of pro-inflammatory cytokines to control neuropathic pain (14, 15) . The levels of FosB in the dorsal hippocampus play an important role in both learning and hippocampal neurogenesis (25) . Only persistent heterotopic pain in mice led to elevated FosB expression in the amygdala and the central nucleus of the spinal cord, and FosB levels remained elevated in the basal lateral amygdala of mice, which resulted in significant pain relief and persistent behavioral effects (15) . The above findings suggested that miR-6215 is involved in SNI-induced neuropathic pain by targeting FosB.
Interestingly, miR-1224 levels were downregulated in the SNI rats compared to those in the sham rats, and treatment with miR-1224 agomir significantly alleviated neuropathic pain, as evidenced by its restoration of PWL and PWT, which were affected by SNI. Our findings were consistent with a study that found that miR-23a was downregulated in neuropathic pain rats compared to normal rats, and miR-23a agomir was reported to reduce neuropathic pain (26) . However, several studies showed that the miRNAs that were downregulated in neuropathic pain groups compared to normal groups further aggravated neuropathic pain. For instance, miR-26a-5p expression was significantly downregulated in neuropathic pain established by a rat model of chronic sciatic nerve injury (CCI), however, miR-26a-5p overexpression exacerbated neuropathic pain (27) . Furthermore, miRNA-146a-5p expression was significantly upregulated in the rat L4-L6 dorsal root ganglion and spinal dorsal horn after CCI surgery, while treatment with miRNA-146a-5p agomir attenuated CCI-induced neuropathic pain (7) . These findings demonstrate the multiple functions and complex mechanisms of miRNAs during neuropathic pain.
The present study has certain limitations. The sample size was relatively small, and further studies should be conducted to elucidate the specific mechanisms underlying the effects of the candidate miRNAs identified. Additionally, it is impossible to measure miRNAs in patients' dorsal root ganglia. We also identified differentially expressed miRNAs and predicted their target genes but did not validate the target genes and the enriched metabolic pathways. However, the study of miRNA roles in the neuropathic pain rat models will enable further investigation in the pathogenesis of neuropathic pain and promote the development of novel therapeutics.
In conclusion, we reported changes in the expression of miRNAs in the dorsal root ganglion of SNI rats and suggested the potential roles of these alterations in the maintenance, development, and treatment of neuropathic pain.
